Studies were conducted that supported the hypothesis that the mutation to the psbA plastid gene that confers S-triazine resistance (R) in Brassica napus also results in an altered diurnal pattern of photosynthetic carbon assimilation (A) relative to that of the susceptible (S) wild type, and that these patterns change over the ontogeny of a plant. Photosynthetic photon flux density, under closely controlled environmental conditions, was incrementally increased and decreased on either side of the midday maxima of 1150 to 1300 ;tmol quanta m-2 s-'. In all experiments, A approximately tracked the increasing and decreasing diurnal light levels. Younger (3-to 4-leaf) R plants had greater photosynthetic rates early and late in the diurnal light period, whereas those of S plants were greater during midday as well as during the photoperiod as a whole. These relative photosynthetic characteristics of R and S plants changed in several ways with ontogeny. As the plants aged during the vegetative phase of development, S plants gradually assimilated more carbon in the early, and then in the late, part of the day. At the end of the vegetative phase of development, R plant carbon assimilation was less relative to S plants at most times of the day, and was never greater. This relationship between the two biotypes dramatically changed with the onset of the reproductive phase (81/2 to 91/2 leaf) of plant development: R plants assimilated more carbon than S plants during all periods of the diurnal light period with the exception of the late part of the day. In addition to these differences in A, R plant stomatal function differed from that in S plants. R plant leaves were always cooler than S plant leaves under the same environmental and diurnal conditions. Correlated with this difference in leaf temperature were equal or greater total conductances to water vapor and intercellular CO2 partial pressures in R compared to S leaves in most instances. These studies indicate a more complex pattern of photosynthetic carbon assimilation than previously observed. The photosynthetic superiority of one biotype relative to the other was a function of the time of day and the age of the plant. These thus, the codon 264 change in the psbA gene caused a change in its product, the Dl protein, a key functional element in PSII electron transport (28). R2 plants have a decreased quantum efficiency of CO2 assimilation compared to S plants (15). This decreased efficiency is due to the altered redox state of PSII quinone acceptors and a shift in the equilibrium constant between QA-and QB in favor of QA-(2). What is less clear in the literature is whether this change in Dl structure and electron transport function directly modifies whole-leaf photosynthesis and plant productivity or only indirectly influences these functions (14).
mately tracked the increasing and decreasing diurnal light levels. Younger (3-to 4-leaf) R plants had greater photosynthetic rates early and late in the diurnal light period, whereas those of S plants were greater during midday as well as during the photoperiod as a whole. These relative photosynthetic characteristics of R and S plants changed in several ways with ontogeny. As the plants aged during the vegetative phase of development, S plants gradually assimilated more carbon in the early, and then in the late, part of the day. At the end of the vegetative phase of development, R plant carbon assimilation was less relative to S plants at most times of the day, and was never greater. This relationship between the two biotypes dramatically changed with the onset of the reproductive phase (81/2 to 91/2 leaf) of plant development: R plants assimilated more carbon than S plants during all periods of the diurnal light period with the exception of the late part of the day. In addition to these differences in A, R plant stomatal function differed from that in S plants. R plant leaves were always cooler than S plant leaves under the same environmental and diurnal conditions. Correlated with this difference in leaf temperature were equal or greater total conductances to water vapor and intercellular CO2 partial pressures in R compared to S leaves in most instances. These studies indicate a more complex pattern of photosynthetic carbon assimilation than previously observed. The photosynthetic superiority of one biotype relative to the other was a function of the time of day and the age of the plant. These studies also suggest that R plants may have an adaptive advantage over S plants in certain unfavorable ecological niches independent of the presence of Striazine herbicides, such as cool, low-light environments early and late in the day, as well as late in the plants' development. This advantage could result in R biotypes appearing in populations of a species in greater numbers than plastidic mutation alone could cause.
S-Triazine resistance in higher plants is due to a single base pair mutation to the psbA chloroplast gene (13) . In Amaran-thus, the codon 264 change in the psbA gene caused a change in its product, the Dl protein, a key functional element in PSII electron transport (28) . R2 plants have a decreased quantum efficiency of CO2 assimilation compared to S plants (15) . This decreased efficiency is due to the altered redox state of PSII quinone acceptors and a shift in the equilibrium constant between QA-and QB in favor of QA- (2) . What is less clear in the literature is whether this change in Dl structure and electron transport function directly modifies whole-leaf photosynthesis and plant productivity or only indirectly influences these functions (14) .
The genetic change in R plants leads to a profound reorganization of functional units in the chloroplast. This pleiotropic cascade includes both structural (25) and functional changes (2) . Many of these changes in R are similar to those found in shade-adapted leaves. The dynamic nature of the chloroplast that allows it to reach a markedly different, new, structural and functional equilibrium in response to the mutation of a key plastidic gene has been observed previously (16, 21) . This profound pleiotropic cascade of functional and structural changes conferred by changes in the Dl protein could imply that the amino acid substitution is close to a primary functional and structural source of photosynthetic regulation. Mattoo (22) has suggested that the rapid anabolism-catabolism rate of the Dl protein could serve as a signal, resulting in the reorganization of membranes around the PSII complex. The dynamic nature of these responses has led several to conclude that the primary effect of R is complex, involves more than one aspect of photosynthesis, and can be mitigated by other processes in the system (17, 23) . For example, it has been pointed out that decreased QA to QB electron transport in R plants is more rapid than the normally rate-limiting oxidation of plastoquinol (4, 24) , whereas other studies indicate that this step may be rate limiting (20) .
Dekker and Sharkey (9) have shown that the primary limitation to photosynthesis changes with changes in leaf temperature, and that electron transport limitations in R plants may be significant only at higher temperatures.
Several studies have shown lower A rates in R Amaranthus hybridus (1) and Senecio vulgaris (15, 24) relative to S plants. Beversdorf et al. (6) found lower R plant whole plant yields in field evaluations of Brassica napus. Additionally, van Oorschot and van Leeuwen (29) found that A in S A. retroflexus was greater than that in R plants; whereas R and S plant A values were comparable in Chenopodium album, Polygonum lapathifolium, Poa annua, Solanum nigrum, and Stellaria media. R biotypes of Phalaris paradoxa have been found to be photosynthetically superior to their S counterparts (26) . Jansen et al. (18) observed that R C album chloroplasts had lower electron transport rates between water and plastoquinone compared to S plants yet no differences were found in the rate or quantum yield of whole-chain electron transport or in A between R and S plants. These inconsistent responses by R and S biotypes have led several to conclude that the change conferring R is not necessarily directly linked to inferior photosynthetic function (14, 18, 26) . An assessment of these and other studies reveals several possible reasons why different responses may have been observed. They include pleiotropic reorganization of the R chloroplast and the dynamic interrelationship between components of photosynthesis; the role of environment in altering responses; genetic factors, such as differences between biotypes and genome interactions within a biotype; and the possibility of an unknown factor controlling photosynthesis (17) .
Comparison of different photosynthetic responses by R plants is further complicated by the many different environmental and biological conditions under which they were conducted. These include changes in plant species, plant age, plant uniformity, plant tissue, temperature, PPFD, the degree of environmental control (field, glasshouse, or controlled environment chambers), and the diurnal light period length and variation of conditions. To date, no systematic studies have been conducted to separate these factors.
A mitigating factor in comparing R and S photosynthetic responses has been the use of model systems in which other genes besides the mutation to psbA have differed (e.g. ref.
15). Inferences from these studies have been confounded because they relied on a nonisogenic model system. McCloskey and Holt (23) have suggested that nuclear genome differences may compensate for differences in productivity between nonisogenic R and S selections, and that detrimental effects may be attenuated by interactions of plastid and nuclear genomes (27) . Many of these limitations may have been overcome in studies with the nearly isonuclear biotypes of B. napus (5, 30) .
The equivocal nature of our understanding of how photosynthesis differs between R and S plants and how it is regulated has led us to focus experimental efforts on chronobiological understanding under more dynamic, but closely controlled, growth conditions. Many plant species exhibit an endogenous rhythm of A and stomatal function once entrained in a photoperiod. This rhythm is regulated to some extent independently of the plant's direct response to PPFD (12) . Previous work in our laboratory indicated a consistant, differential, pattern of F, (10) and A (8) between S and R B. napus L. over the course of a diurnal light period, i.e. the R trait is a chronomutant. What remains unknown is how carbon assimilation changes during the light period and how it changes over the life of the two biotypes. Therefore, we hypothesized that the mutation to the psbA plastid gene that confers S-triazine resistance also results in an altered diurnal pattern of A relative to that of the susceptible biotype. We present data that support this hypothesis. We also present evidence that these relative differences in photosynthesis change markedly during the development of both biotypes.
MATERIALS AND METHODS
Plants were established in a sunlit glasshouse with supplemental 1000-W metal halide lights. The photoperiod in that environment was 16 h light/8 h dark; PPFD reached 550 to 600 ,umol quanta m-2 s-1 at midday; air RH was about 60%, and the temperature was 20 to 250C. Seven to 14 d prior to each experiment, the plants were moved to a Conviron model E-15 controlled environment growth chamber. In that environment, the photoperiod length and air RH were similar to that in the glasshouse, albeit more closely controlled. The temperature in all experiments was 250C. Light was provided by metal halide lighting in the growth chambers and was continuously controlled by microprocessors. Fluence levels were increased and decreased in a constant, linear manner over the photoperiod, a process closely approximating that observed in natural sunlit conditions. Light fluence levels were measured at each abaxial leaf surface and at the planar angle of the leaf to the light sources in the controlled environment chambers.
Two nearly isonuclear biotypes of oilseed rape were evaluated in these experiments: S B. napus cv Tower, and its R derivative, cv OAC Triton (5). Plants were established and grown in 10.2-cm (height) x 5.1-cm (diameter) plastic pots with a soil volume of 425 mL. The soil used in all experiments was mixture of loam soil:sand:peat (3:1:1). All plants were watered either twice daily (greenhouse portion of experiments) or daily (controlled environment chamber portion of experiments). Just prior (1-2 d) to each experiment, plants were selected for uniformity of growth, color, size, vigor, etc. This rigorous selection led to relatively very low variability in measured responses. Separate studies were conducted evaluating both R and S plants at several identical stages of growth (3 to 3'/2, 4, 51/2 to 6, 6½/2 to 7h/2, and 81/2 to 91/2 leaves); the stages were attained about 1 week apart in our environmental conditions. The first four growth stages occurred during the vegetative phase, and the last growth stage occurred in the early reproductive phase of plant development. All studies were repeated at least once. All plants were tested immediately after the completion of each experiment to confirm their phenotype using variable F, methodologies as previously reported (7).
Carbon assimilation and other parameters were measured with a portable open-flow IRGA system, including an LCA-2 infrared CO2 analyzer. ASUM mass flowmeter, and Parkinson broad-leaf chamber (all from Analytical Development Co.), constructed and described by Jurik (19 The mean accumulated PPFD, and the mean A, leaf temperature, g, and Ci for R and S plant within each period were compared using an F-test, with the associated probability (P) of the null hypothesis (R = S) being true.
RESULTS
PPFD under controlled environmental conditions was about 100 usmol quanta m-2 s-1 at dawn and dusk, with incremental increases and decreases either side of the midday maxima of 1150 to 1300 ,umol quanta m-2 S-1 (Fig. 1) . Light received within each period of the diel by R and S plants was similar in all but two cases. At the 51/2-to 6-leaf growth stage, R plants received 9 .5% more light in the early period and 2.6% less radiation during the midday period than did S plants.
A differential pattern of A was observed in 3-to 31/2-leaf plants: early and late in the photoperiod, R plant carbon assimilation exceeded that of S plants, whereas S plant carbon assimilation exceeded that of R plants during the midday period (Fig. 2) . These differential responses in A occurred despite the fact R and S leaf temperatures and Ci values were similar. R leaf g exceeded that of S leaves for the entire day, primarily due to the differences late in the day.
The same differential pattem of A between R and S was observed in 4-leaf plants (Fig. 3) . S leaf temperatures were greater than those of R leaves for the entire day, whereas R leaf g and C1 values were greater than those for S leaves for the entire day period, probably due to the greater midday differences.
As B. napus plants aged, differences in A between S and R became greater. At the 51/2-to 6-leaf growth stage, S leaf A exceeded that of R leaves during midday (confounded by 2.6% greater PPFD for S plants [ Fig. 1]) and was similar to that of R leaves early (confounded by 9.5% greater PPFD for R [ Fig. 1]) ; only during the late period was R greater (Fig. 4) . For both biotypes, maximum leaf A was reached during this stage of development. As with 4-leaf plants, S leaf temperatures were usually greater than those for R leaves. This was correlated with generally greater g and Ci values in R relative to S plants.
S plants continued to assimilate more carbon than R plants in 61/2-to 71/2-leaf plants, plants near the end of the vegetative phase of development, for most times of the day (Fig. 5) . A in R plants equaled that in S plants late in the day, a time when R leaf g and C1 was less than those in S leaves.
As B. napus began the reproductive phase of development (81/2-to 91/2-leaf plants), a nearly complete reversal of photosynthetic differences was observed in previous growth stages. R plant carbon assimilation was greater than that of S plants early, midday, and for the whole-day period, whereas S plants (for the first time in their development) were superior to R plants later in the day (Fig. 6 ). An erratic 10 Li. (Fig. 7) . Younger (3-to 4-leaf) R plants are capable of greater photosynthesis early and late in the photoperiod, whereas the S phenotype has greater A during the higher PPFD, midday portion of the light period as well as during the photoperiod as a whole. These relative photosynthetic relationships change in several , and all day [0600-2150]) compared using F-test, and the P (* is the associated probability of R and S being similar; n = 9.
chloroplast (22, 30 , and all day [0600-2150]) compared using F-test, and P (*) is the associated probability of R and S being similar; n = 9. , and all day [0600-2150]) compared using F-test, and P (*) is the associated probability of R and S being similar; n = 9.
ways with ontogeny. As the plants age during the vegetative phase of development, S plants gradually assimilate more than R plants in the early (A of Fig. 7) and then in the late (C of Fig. 7 ) part of the light period. At the end of the vegetative phase of development, R is photosynthetically inferior to S at most times of the day, and is never better. This relationship between the two biotypes dramatically changes with the onset of the reproductive phase (81/2-to 9½/2-leaf) of plant development: R is now superior to S during all periods (B of Fig. 7 (9) . In all instances in these experiments, both R and S plants were functioning at or near (26-290C) their photosynthetic temperature optima of about 280C (9) .
These studies indicate a more complex pattern of A than previously observed. The photosynthetic superiority of one biotype relative to the other was a function of the time of day and the age of the plant. These results support the hypothesis tested: psbA plastid gene mutation conferring the R trait also confers a different diurnal pattem of photosynthetic function than that in S plants. This work is also consistent with the pattem of differential F, during the diurnal cycle previously reported (10) .
It can be envisioned that there were environmental conditions in the absence of S-triazine herbicides in which R plants had an (3, 11) . LITERATURE CITED
